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Genetic variability is a salient feature of lentiviruses, contributing to the pathogenesis of these viruses by enabling them
to persist in the host and to resist anti-retroviral treatment. Bovine immunodeficiency virus (BIV), a lentivirus of unknown
pathology, infects cattle in the United States and worldwide. Genetic diversity of BIV that is associated with naturally infected
cattle is not well studied. We examined the genetic diversity and natural selection of a segment of the BIV pol gene amplified
from the leukocyte DNA of naturally infected cattle. A portion of the reverse transcriptase domain (183 bp) of the pol region
was targeted for amplification by PCR. PCR products were sequenced directly and aligned. When compared to the sequences
of BIV R29-127, a molecular clone of the original BIV R29 isolate, all isolates were greater than 91% identical in nucleotide
sequences and 77% identical in amino acid sequences. Pol genotypes were polymorphic at 14% of the nucleotide sites. The
ratio of nonsynonymous to synonymous nucleotide substitutions (relative to the number of respective sites, Ka/Ks) was 0.16,
indicating that this region of the BIV genome, like that of HIV-1, is subject to purifying selection. Based on the McDonald–
Kreitman analysis, this region also was under positive Darwinian selection as HIV-1 and BIV diverged from a common
progenitor. Phylogenetic analysis revealed that genotypes were geographically distinct, possibly indicating a common source
of infection for animals within a herd. © 1999 Academic Press
n
a
t
c
s
e
s
r
s
f
f
p
i
p
s
u
1
w
v
2
c
t
l
(
tINTRODUCTION
Bovine immunodeficiency virus (BIV) was first de-
cribed in 1972 (Van Der Maaten et al., 1972). Based on
erologic studies, BIV infections appear widespread in
attle (reviewed in Gonda et al., 1994). Animals infected
ith BIV experience lymphoproliferative changes, lymph-
denopathy, and central nervous system lesions (Van
er Maaten et al., 1972; reviewed in Gonda et al., 1994).
owever, a specific disease has not been associated
ith infected cattle, and the role of BIV in chronic pro-
ressive disease remains to be determined (Whetstone
t al., 1997).
Genetically variant retroviruses are a result of reverse
ranscriptase-induced errors, recombinational events,
nd selective forces that act on the viral population
Burke, 1997; Truyen et al., 1995). Genomic variation al-
ows retroviruses, such as HIV, to evade the host immune
esponse (Wolfs et al., 1991), alter cell tropism (Milich et
l., 1993), alter syncytium-forming abilities (reviewed in
evy, 1993; Fouchier et al., 1992), acquire drug resistance
Na´jera et al., 1995), and frustrate efforts to construct
ffective vaccines. Because of immunological pressures,
enetic variability is mostly confined to regions of the
enome that encode the surface envelope proteins. Mu-
ations of genes encoding internal structural and non-
tructural proteins are less common (Truyen et al., 1995).
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cressed. E-mail: ksc@ra.msstate.edu.
042-6822/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
294Genetic diversity of BIV in naturally infected cattle is
ot well studied. The purpose of this investigation was to
ssess the extent of variation in the reverse transcrip-
ase (RT) domain of the pol gene. This is one of the most
onserved regions of the genome; thus, few nucleotide
ubstitutions were expected (Truyen et al., 1995; Garvey
t al., 1990). The DNA amplified from proviruses was
equenced to determine the pattern of evolution occur-
ing in this region and to determine whether natural
election was operating on the region as BIV diverged
rom HIV-1.
RESULTS
Direct sequencing of PCR-amplified 235-bp pol DNA
ragments generated a legible sequence of 183 bp. Com-
uter-generated alignments of this sequence are shown
n Fig. 1. Nucleotide substitutions were detected at 28
ositions, and 54% (15/28) of these were transition sub-
titutions. These point mutations seemed to be distrib-
ted equally throughout the RT gene segment. The
83-bp fragment was computer translated to assess
hether these nucleotide changes translate into conser-
ative or nonconservative amino acid modifications (Fig.
). The data showed that amino acid replacements oc-
urred at 8 positions. Four of these positions contained
he following nonconservative amino acid substitutions:
ysine (K) to asparagine (N), asparagine (N) to arginine
R), aspartate (D) to asparagine (N), and phenyalanine (F)
o cysteine (C). Although this may indicate that the RT
an still function with minor changes in its amino acid
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295Pol GENE OF BOVINE IMMUNODEFICIENCY VIRUSequence, the biological consequences of these amino
cid changes were not determined in this investigation.
Based on nucleotide sequence data, the degree of
dentity was determined between the 10 RT genotypes
sing the distance matrix of Clustal W (Table 1). The data
howed that the average identity between the 10 geno-
ypes was 94% (range 90 to 100%). When the 8 contem-
orary genotypes were compared to the 2 BIV R29-
erived genotypes, the range of identity was 92.9 to
6.8%. The amino acid sequence identity ranged from
4.4 to 100% with an average identity of 89%. When all
enotypes were compared to the R29-derived amino
cid sequence, the range of identity was 78.9 to 96.6%.
FIG. 1. Nucleotide sequences of a conserved region of the BIV pol g
sterisks. Sites where nucleotide changes resulted in a nonconserva
L04974) represent molecular clones of BIV R29, the original BIV isolate
46 (AF083921) are BIV sequences amplified from contemporary cattle f
rom Florida cattle; OK (BIU34389) is a BIV sequence from an Oklahom
roducts of PCR amplified from the DNA of peripheral blood leukocyt
solates from LSU.he Florida pol genotypes were the most divergent from v29-related genotypes and the other contemporary Lou-
siana State University (LSU) genotypes in both nucleo-
ide and amino acid sequences. The greatest divergence
25%) was between LSU genotype H220 and Florida F491
hen amino acid sequences were compared. These
ata demonstrate that this region of the genome is fairly
onserved, and these findings are consistent with the
valuation of the BIV RT domain performed by Suarez
nd Whetstone (1995).
To confirm that this RT region is conserved, the ratio of
onsynonymous nucleotide substitutions per nonsyn-
nymous site (Ka) to synonymous nucleotide substitu-
ions per synonymous site (Ks) was calculated. Ka/Ks
rived from naturally infected cattle. Conserved sites are indicated by
ino acid change are represented by n. R29-127 (M32690) and R29
(AF083924), H220 (AF083920), H253 (AF083923), P24 (AF083922), and
LSU dairy. F112 (L06524) and F491 (L06525) are BIV sequences derived
al. Sequences were obtained from LSU cattle by direct sequencing of
other sequences were accessed from GenBank for comparison withene de
tive am
. H334
rom an
a anim
es. Allalues equal to 1 indicate neutrality; purifying selection
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296 COOPER ET AL.ccurs when Ka/Ks ratios are substantially less than 1.
he lower the Ka/Ks ratio between sequences, the more
urifying selection is demonstrated. During purifying se-
ection detrimental amino acid changes are eliminated
Sharp, 1997). Our data revealed that the Ka/Ks ratio was
.16, and thus, this region of the BIV genome was under
urifying selection. For comparison, the sequences of
our different HIV-1 subtypes were taken from GenBank
nd aligned with the BIV genotypes. Because the Ka/Ks
atio for the four HIV RT genotypes was 0.05, it also was
nder purifying selection. This strongly suggests that the
mplified RT segment of BIV, like HIV-1, is evolutionarily
onserved.
The McDonald–Kreitman test (McDonald and Kreit-
an, 1991) was applied to the aligned BIV and HIV-1
ucleotide sequences to determine whether the targeted
T domain was selected as the two lentiviral species
iverged (Table 2). This analysis compares the ratio of
eplacement (R) to synonymous (S) nucleotide substitu-
ions in a gene (or in this case a segment of a gene) for
ixed differences between species compared to polymor-
hisms among species. If mutations in the RT fragment
re neutral, the R/S for fixed differences between spe-
ies should be the same as that for polymorphisms
mong species (McDonald and Kreitman, 1991); other-
ise, selection is indicated. The R/S ratios for fixed
ifferences and polymorphisms between BIV and HIV-1
FIG. 2. Amino acid sequences of a conserved region of the BIV pol g
nd n represents sites where nonconservative amino acid replacemen
T
Percentage Identities of Amino Acid and Nuc
Genotypes R29-127 R29 H334 H220
R29-127 — 100 95.6 95.1
R29 100 — 95.6 95.1
H334 93.3 93.1 — 97.8
H220 91.2 91.2 94.8 —
H253 96.6 96.6 96.6 93.0
P24 96.6 96.6 93.1 91.5
P46 98.3 98.3 94.8 93.0
F112 81.1 81.1 78.9 76.7
F491 78.9 78.9 76.7 74.4
OK 96.6 96.6 89.2 87.3Note. Nucleotide identities are shown above the diagonal; amino acid idenere 2.5 and 0.3, respectively. The results suggest that
his segment of RT was under positive Darwinian selec-
ion as BIV and HIV-1 diverged from a common progen-
tor. During positive Darwinian selection, advantageous
mino acid substitutions are fixed in the genome (Sharp,
997). A limitation to the McDonald–Kreitman analysis is
hat it could overestimate synonymous polymorphisms
etween distantly related species due to mutation satu-
ation (McDonald and Kreitman, 1991; Wayne and Simon-
en, 1998). If adaptive fixation is a result of a mutation
aturation artifact, then the polymorphism/fixed differ-
nce (P/F) ratio for synonymous substitutions should
ncrease with degree of divergence. The pattern of P/F
atios between more closely related primate lentiviral
pecies (i.e., HIV-1 to SIV chimpanzee and HIV-2 to SIV-
acaque) and more distantly related primate lentiviral
pecies (i.e., HIV-1 to HIV-2 and HIV-1 to SIVmacaque)
as not consistent with a mutation saturation artifact
Table 3) (Mindell et al., 1995). The divergence of HIV-1
rom BIV is greater than that of HIV-1 from other distinct
rimate lentiviruses, and therefore, the P/F ratio for BIV
nd HIV-1 should be greater than that of any comparison
etween primate lentiviruses if a mutation saturation
rtifact exists. The data presented in Table 3 suggest that
utation saturation did not influence the McDonald–
reitman analysis in this investigation.
Phylogenetic analysis shows that the BIV R29-derived
m naturally infected cattle. Conserved sites are indicated by asterisks
rred.
Sequences of a Portion of the BIV pol Gene
253 P24 P46 F112 F491 OK
96.8 95.1 95.6 95.1 92.9 95.1
96.8 95.1 95.6 95.1 92.9 95.1
98.9 96.2 96.8 93.4 91.3 92.9
97.3 95.6 96.2 92.9 90.7 92.4
— 97.3 97.8 94.0 91.8 94.0
96.6 — 96.2 92.4 90.2 92.4
98.3 98.3 — 94.0 91.8 90.7
81.1 81.1 83.2 — 96.8 95.6
78.9 78.9 81.1 98.3 — 94.0
93.0 93.0 94.8 95.6 81.1 —ene froABLE 1
leotide
Htities are shown below the diagonal.
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297Pol GENE OF BOVINE IMMUNODEFICIENCY VIRUSsolates diverged from an ancestor common to the five
ontemporary LSU isolates (i.e., H253, H220, H334, P24,
nd P46) (Fig. 3). LSU BIV genotypes H253, H220, and
334 were more closely related to one another phyloge-
etically than they were to P46 and P24. Interestingly,
ows H334, H220, and H253 were born and raised within
he same herd, while cows P46 and P24 were purchased
t reproductive maturity and added to the herd. This
nformation suggests a common source of infection for
attle born within the same herd. The Florida genotypes
112 and F491 diverged from a common ancestor of the
ouisiana genotypes. Therefore, the tree topology was
onsistent with geographic isolation of genotypes and
ndicated that the pol genotypes were geographically
istinct.
DISCUSSION
The RT domain of the pol gene has been shown to
ave up to 10% divergence in the nucleotide sequence
nd up to 11% amino acid sequence divergence (Suarez
nd Whetstone, 1995). In our study the sequence varia-
ion appeared to be distributed equally throughout the RT
TABLE 2
McDonald–Kreitman Analysis of Aligned Reverse
Transcriptase Fragments of BIV and HIV-1
Fixed
differences Polymorphisms
eplacement substitutions (R) 35 18
ynonymous substitutions (S) 16 54
/S 2.2 0.3
Note. P 5 0.000001. The ratio of replacement (R) to synonymous (S)
ucleotide substitutions for fixed differences between species was
ompared to that for polymorphisms among species. Four different
IV-1 genotypes accessed from GenBank were aligned with the BIV
enotypes. GenBank accession numbers are listed under Materials
nd Methods. The P value was derived using the one-tailed Fisher
xact test.
TABLE 3
Polymorphisms (P) to Fixed Differences (F) Ratios at Synonymous
Sites between Lentiviruses
Lentiviruses P/F
HIV1-SIVcpz 3.57
HIV2-SIVmac 4.63
HIV1-HIV2 2.60
HIV1-SIVmac 2.41
HIV1-SIVagm 5.78
HIV1-BIV 3.38
Note. If adaptive fixation is a result of a mutation saturation artifact,
hen P/F ratios for synonymous substitutions should increase witheegree of divergence (i.e., lentivirus pairs from top to bottom).ene fragment, and no areas of either high variability or
onservation were observed. The region targeted in this
tudy was contained within the RT fragment of pol ana-
yzed by Suarez and Whetstone (1995). These data sup-
ort those of Suarez and Whetstone (1995), who also
eported an even distribution of nucleotide substitutions
n this region. Four of these substitution sites resulted in
onconservative amino acid alterations whose biological
ffect is unknown.
Coffin (1992) has argued that no mutations in retrovi-
uses are strictly neutral. Most mutations are deleterious
nd are eliminated by purifying selection. This was con-
irmed by a low Ka/Ks ratio in the RT domain of pol. The
ew mutations that persist are proposed to be main-
ained by positive Darwinian selection that is too small to
e detected easily (Coffin, 1992). Positive Darwinian se-
ection can maintain genetic variation within populations
o avoid immune surveillance for example, but also pos-
tive Darwinian selection can act on sites to cause di-
ergence (speciation). The McDonald–Kreitman analysis
McDonald and Kreitman, 1991) detects the latter subset
f selected genes, which is more important from an
volutionary point of view and which may respond to a
ifferent set of selective pressures than the former
roup. Regardless of how many replacement polymor-
hisms may be maintained by selection within HIV-1 or
IV, the null hypothesis tested here was that selection
as not acted on the RT domain of pol during divergence
f HIV-1 from BIV, and the proportion of replacement
ubstitutions would be the same for both polymorphisms
ithin species and fixed differences between species.
owever, 35 fixed replacement differences were ob-
erved, where only 5 fixed replacement differences were
FIG. 3. Phylogenetic tree of BIV based on a conserved region of the
everse transcriptase domain aligned in Fig. 1. Values on the nodes
epresent the percentage of 100 bootstrap replicates. The PHYLIP
ersion 3.5 computer package was used to determine phylogenetic
elationships between the BIV genotypes.xpected. Thus, about 85% of the fixed replacement
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298 COOPER ET AL.ifferences in pol are selectively advantageous and have
ontributed at some time to the divergence of HIV-1 from
IV. Even though the RT domain of pol is highly con-
erved, many of the few replacement substitutions within
he gene have been fixed by strong positive Darwinian
election during divergence.
The contribution of potential Taq polymerase-induced
rrors to the variability of the amplified region was con-
idered. The mutation rate of Taq polymerase is 2 3 1024
ucleotides per cycle (Saiki et al., 1988). The sequenced
ol fragments were 183 bp in length, and a total of 49
ycles of amplification were performed. An error rate of
.79 nucleotides/sequence was calculated. Thus, only
.98% of the variability detected in these DNA sequences
ould be attributed to Taq-induced errors. The mutation
ate of Taq polymerase did not contribute substantially to
enetic variation in this study.
Although genetic diversity in the pol gene of lentivi-
uses is less common than other genes, it is clinically
mportant (Seibert et al., 1995, Mindell, 1996; Na´jera et
l., 1995). Genetic mutations contribute to the develop-
ent of quasispecies. Quasispecies are a multitude of
istinct but related viral genotypes within one host.
embers of a quasispecies help the virus population to
volve according to selective pressures within the host
nimal (Smith et al., 1997; Wong et al., 1997). Pol gene
uasispecies of HIV have compromised the effective-
ess of anti-retroviral agents such as AZT (Na´jera et al.,
995). A few nonconservative amino acid changes in the
T domain reduced drug susceptibility of HIV-1 and FIV
Smith et al., 1998; Na´jera et al., 1995; Hooker et al.,
996). A single amino acid change from leucine to tryp-
ophan at codon position 210 of the HIV-1 RT, resulting
rom a point mutation, conferred a high level of resis-
ance to AZT (Hooker et al., 1996). Another investigation
howed that a novel point mutation at position 156 of the
T region from FIV confers dual resistance to (2)-b-29,39-
ideoxy-39-thiacytidine (3TC) and AZT (Smith et al., 1998).
his information strongly suggests that few nucleotide
hanges in pol are required to significantly alter lentiviral
usceptibility to various drugs used to treat infections in
umans.
Tobin et al. (1996) reported that BIV sensitivity to nu-
leoside analogs, tumor-suppressive compounds, sur-
ace-membrane inhibitors, and nucleoside reductase in-
ibitors mirrors HIV-1 sensitivity. In contrast, BIV was
ignificantly more resistant to nonnucleoside RT inhibi-
ors thiazolobenzimidazole, oxathiin carboxanilide, and
hiocarbamate than was HIV-1. The region of the RT
omain responsible for this resistance was not deter-
ined in that investigation.
The development of BIV pol gene quasispecies was
ot addressed in the current study or in that of Suarez
nd Whetstone (1995). However, the presence of non-
onservative amino acid changes indicates that the po-ential exists for the development of BIV pol quasispe- pies. Although the PCR procedure used in this study
mplified a portion of the RT region of pol, the function of
he targeted domain is unknown. Comparisons between
ligned sequences of BIV R29 and the four HIV-1 se-
uences used for evolutionary analyses revealed an av-
rage identity of 55%. The targeted RT sequence corre-
ponds to the region of the HIV-1 RT that is located within
he fingers domain, postulated to form the binding site for
he template strand in the region of the primer terminus
Na´jera et al., 1995; Kohlstaedt et al., 1992). This area of
IV-1 RT includes mutations associated with drug resis-
ance and is tolerant to variation (Na´jera et al., 1995).
hylogenetic comparisons based on pol sequence data
evealed that BIV diverged first from an ancestor from
hich all lentiviruses arose (Garvey et al., 1990). The
unctional domains of the BIV RT have not been deter-
ined, and the assignment of function to the amplified
IV fragment based on sequence identity to HIV-1 is
remature.
Additional BIV isolates from naturally infected cattle
re needed to examine further the extent of genetic
ariation within the BIV RT domain to determine the
mportance of pol quasispecies within a single infected
ost. The results from such studies could identify the
iological consequences of nucleotide variations in this
egion.
MATERIALS AND METHODS
nimals
All animals included in this study were members of a
ouisiana State University Agricultural Experiment Sta-
ion dairy herd. Cattle H220, H253, and H334 were home-
red at LSU. Animals P46 and P24 were purchased at
eproductive maturity and added to the LSU herd. P46
as born and raised at a Louisiana Tech University dairy
tation located near Ruston, Louisiana. P24 was born
nd raised in Alexandria, Alabama, purchased by a pri-
ate individual in Oak Grove, Louisiana, and later sold to
SU. The source of BIV infection of these animals was
nknown, but the animals were not infected experimen-
ally.
ell culture and virus propagation
BIV R29-1227, a bovine viral diarrhea virus-free isolate
f BIV, provided by C. Whetstone, National Animal Dis-
ase Center, Ames, Iowa, was propagated in fetal bovine
ung (FBL) cells. All cells were maintained in Dulbecco’s
odified Eagle medium (Gibco BRL) supplemented with
0% fetal bovine serum (Gibco BRL) and penicillin–strep-
omycin (Gibco BRL).
NA isolation
Ten milliliters of whole blood was collected by tail vein
uncture into vacutainer tubes containing EDTA as an
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299Pol GENE OF BOVINE IMMUNODEFICIENCY VIRUSnticoagulant. Peripheral blood mononuclear cells
PBMC) were purified from whole blood by density gra-
ient fractionation using Histopaque-1077 (Sigma).
riefly, whole blood was layered over an equal volume of
istopaque in 15-ml conical-bottom centrifuge tubes,
nd the tubes were centrifuged at 400 g for 30 min. The
BMC band was aspirated, and the cells were washed
wice with calcium- and magnesium-free PBS and
ounted with a hemacytometer. Cell counts ranged from
.4 3 108 to 3.3 3 109 cells/ml. DNA was purified from
he cells using the Puregene kit according to kit instruc-
ions (Gentra Systems). Cells were lysed in cell lysis
olution, and proteins were precipitated using the pro-
ein precipitation solution provided in the kit. The remain-
ng genomic DNA was precipitated in 100% isopropanol,
ashed in 70% ethanol, and rehydrated in DNA hydration
olution. DNA extracts were prepared from uninfected
BL cells and BIV-infected FBL cells to serve as negative
nd positive controls as follows: trypsinized cells were
ashed twice in calcium- and magnesium-free PBS, pel-
eted by centrifugation, and resuspended in a cell lysis
uffer. DNA was isolated as described above. Each DNA
ample was subjected to diagnostic PCR to detect the
resence of BIV provirus. Provirus-positive DNA samples
ere diluted to endpoint, and the limit dilution of DNA
as used in subsequent PCRs to minimize the potential
or amplification of BIV quasispecies.
mplification of pol sequences
A single-stage PCR protocol was developed for detec-
ion of BIV provirus in the naturally infected animals.
rimers that were used for this procedure were selected
rom regions of pol that are highly conserved among
entiviruses. These primers are oligomers of 20 bases,
ocated in the RT domain of pol. The sense (59 GATTT-
AGGGAATTAAATAA 39) and antisense (59 ACCCATCCT-
GTGGTAGAAC 39) primers (Genosys), derived from po-
itions 2265–2285 and 2480–2500 of the BIV proviral
enome, respectively, flank a 235-bp DNA fragment that
s highly conserved for BIV. BIV R29 clones 127 and 106
isplayed only a single nucleotide variation in this re-
ion. The DNA samples also were subjected to PCR
sing primers to amplify a housekeeping gene, bovine
ctin (sense 59AGAAGCTGTGCTAGGTCGA 39 and anti-
ense 59CCAGACAGCACTGTGTTGG 39). This amplifica-
ion was done to ensure that sample DNA was suitable
or PCRs (Suarez et al., 1995). PCR was performed ac-
ording to established protocol (Nash et al., 1995).
riefly, 5–10 mg of template DNA was added to 100-ml
eaction mixtures containing 0.4 mM primer (sense and
ntisense), 2.5 mM MgCl2, and 1X assay buffer A (Pro-
ega). This mixture was heated to 95°C for 5 min and
ooled on ice for 5 min, and then 20 mM each dATP,
CTP, dTTP, and dGTP and 0.5 units of Taq DNA poly-
erase (Promega) were added. Amplification was ac- domplished with a Delta cycler (Ericomp) using 34 cycles
f 93°C for 30 s, 45°C for 30 s, 72°C for 2 min followed
y 1 cycle of 72°C for 5 min. All PCR experiments in-
luded reaction mixtures containing negative control
NA (FBL cells) and positive control DNA (FBL cells
nfected with BIV R29) to ensure that the reactions were
unctioning properly.
The amplified products were electrophoresed on poly-
crylamide gels consisting of 8% acrylamide, 0.27% N,N9-
ethylene bisacrylamide, and Tris–borate/EDTA electro-
horesis buffer (90 mM Tris–borate, pH 8, and 5 mM
DTA, pH 8). A 123-bp DNA ladder (Gibco BRL) was
lectrophoresed with PCR products for size determina-
ion. The samples were electrophoresed at 50 V for
pproximately 2 h. Gels were stained with 0.001 mg/ml
thidium bromide (Sigma Chemical Co.) for 30 min, and
ands were visualized by transillumination with ultravio-
et light. Five microliters of positive reactions was sub-
ected to a second round of PCR to increase the product
NA concentration for sequencing reactions. Fifteen cy-
les of the previously mentioned parameters were used
n this secondary amplification.
lution and sequencing of PCR products
The 235-bp DNA fragments were excised from the
olyacrylamide gels, placed into Eppendorf tubes con-
aining 0.2 ml of sterile water, and crushed with a
icrotube pestle. Tubes were vortexed and incubated
vernight at 37°C in a water bath. The elutants were
urified from the gel using Micropure inserts (Amicon)
nd Micron microconcentrators (Amicon) according to
ackage instructions. A small sample of each elutant
as electrophoresed. If these elutants contained the
ppropriate amplified DNA fragment, the remaining
amples were sequenced using the Sanger dideoxy-
ucleotide method with an automated dsDNA Cycle
equencing System kit (Perkin–Elmer). Each primer
as used in a separate sequencing reaction to allow
equencing of both strands. Sequence reaction prod-
cts were analyzed on an ABI Prism 310 Genetic
nalyzer (Perkin–Elmer Corp.).
omputer analyses
Nucleotide sequences were computer-translated to
he amino acid sequence using the MacDNASIS ver-
ion 3.0 computer program. Clustal W was used to
lign nucleotide and amino acid sequences of differ-
nt DNA samples to show sequence variations
Thompson et al., 1994). Genetic identity between ge-
otypes was determined using the distance matrix of
lustal W. The Ka/Ks ratio and McDonald–Kreitman
est (McDonald and Kreitman, 1991) were performed
n the nucleotide sequences using DnaSP Version
.52 (Rozas and Rozas, 1996). The Ka/Ks values are
efined as the ratio of replacement substitutions per
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300 COOPER ET AL.eplacement site (Ka) to synonymous substitutions per
ynonymous site (Ks) (Sharp, 1997). The McDonald–
reitman analysis (McDonald and Kreitman, 1991)
ompares the ratio of replacement (R) to synonymous
S) nucleotide substitutions for fixed differences be-
ween closely related species to polymorphisms
mong species. Selection is indicated when R/S for
ixed differences is greater than R/S for polymor-
hisms. The contingency table was evaluated by a
ne-tailed Fisher exact test (Rozas and Rozas, 1996).
hylogenetic relationships between different BIV ge-
otypes were assessed using the Seqboot, Dnapars,
onsense, and Drawgram programs of the PHYLIP
ersion 3.5 computer package (Felsenstein, 1993). Ge-
etic diversity was determined among genotypes from
ithin a single herd and among geographically sepa-
ate herds.
ucleotide sequence accession numbers
The GenBank accession numbers for BIV pol se-
uences generated in this study are as follows:
F083920 (H220), AF083921 (P46), AF083922 (P24),
F083923 (H253), and AF083924 (H334). Additional BIV
ol sequences used in this study are BIU34389 (OK),
04974 (R29), L06524 (F112), L06525 (F491), and M32690
R29-127). Florida and Oklahoma isolates were desig-
ated F and OK, respectively. For comparison four HIV-1
equences with the following accession numbers were
ownloaded from GenBank: K03455 (HXB2), K03454
ELI), L20587 (ANT70C), and M62320 (U455).
ACKNOWLEDGMENTS
The authors thank Rebecca Burger, Karen Graves, Suzanna Mari-
ovic, Cary Moody, Shelly Maher, Chris Swift, and Devechio Edwards
or technical assistance. The intellectual and technical advice of Drs.
avid Suarez, Joe Felsenstein, Kevin Anderson, and John Boyle was
ratefully appreciated. The secretarial aid of Gloria Blankenship,
oanne Cotton, and Scott Phipps also was appreciated. Dr. Ron Snider,
r. Bruce Jenny, and the Louisiana Agriculture Experiment Station are
ecognized for providing the cattle blood samples. This work was
upported by a grant from the United States Department of Agriculture
93-37208-9223) and a National Research Service Predoctoral Fellow-
hip from the National Institutes of Health (1 F31 GM 8913-01). The
rimary author also was supported by a Patricia Roberts-Harris Pre-
octoral Fellowship.
REFERENCES
urke, D. K. (1997). Recombination in HIV: An important viral evolution-
ary strategy. Emer. Infect. Dis. 3, 253–259.
offin, J. M. (1992). Genetic diversity and evolution of retroviruses. Curr.
Top. Microbiol. Immunol. 176, 143–164.
elsenstein, J. (1993). PHYLIP (Phylogeny Inference Package), version
3.5c. Distributed by author. Department of Genetics, University of
Washington, Seattle.
ouchier, R. A. M., Groenink, M., Kootstra, N. A., Termette, M., Huisman,
H. G., Miedema, F., and Schuitemaker, H. (1992). Phenotype-associ-
ated sequence variation in the third variable domain of the humanimmunodeficiency virus type 1 gp120 molecule. J. Virol. 66, 3183–
3187.
arvey, K. J., Oberste, M. S., Elser, J. E., Braun, M. J., and Gonda, M. A.
(1990). Nucleotide sequence and genome organization of biologi-
cally active proviruses of the bovine immunodeficiency-like virus.
Virology 175, 391–409.
onda, M. A., Luther, D. G., Fong, S. E., and Tobin, G. J. (1994). Bovine
immunodeficiency virus: Molecular biology and virus–host interac-
tion. Virus Res. 32, 155–181.
ooker, D. J., Tachedjian, G., Solomon, A. E., Gurusinghe, A. D., Land,
S., Birch, C., Anderson, J. L., Roy, B. M., Arnold, E., and Deacon, N. J.
(1996). An in vivo mutation from leucine to tryptophan at position 210
in human immunodeficiency virus type 1 reverse transcriptase con-
tributes to high-level resistance to 39-azido-39-deoxythymidine. J. Vi-
rol. 70, 8010–8018.
ohlstaedt, L. A., Wang, J., Friedman, J. M., Rice, P. A., and Steitz, T. A.
(1992). Crystal structure at 3.5 Å resolution of HIV-1 reverse
transcriptase complexed with an inhibitor. Science 256, 1783–
1790.
evy, J. A. (1993). Pathogenesis of human immunodeficiency virus
infection. Microbiol. Rev. 57, 183–289.
cDonald, J. H., and Kreitman, M. (1991). Adaptive protein evolution at
the adh locus in Drosophila. Nature 351, 652–654.
ilich, L., Margolin, B., and Swanstrom, R. (1993). V3 loop of the human
immunodeficiency virus type 1 env protein: Interpreting sequence
variability. J. Virol. 67, 5623–5634.
indell, D. R. (1996). Positive selection and rates of evolution in immu-
nodeficiency viruses from human and chimpanzees. Proc. Natl.
Acad. Sci. USA 93, 3284–3288.
indell, D. P., Shultz, J. W., and Ewald, P. W. (1995). The AIDS pandemic
is new, but is HIV new? Syst. Biol. 44, 77–92.
a´jera, I., Holguı´n, A´, Quin˜ones-Mateu, M. E., Mun˜oz-Ferna´ndez, A´. M.,
Na´jera, R., Lo´pez-Galı´ndez, C., and Domingo, E. (1995). Pol gene
quasispecies of human immunodeficiency virus: Mutations associ-
ated with drug resistance in virus from patients undergoing no drug
therapy. J. Virol. 69, 23–31.
ash, J. W., Hanson, L. A., and St. Cyr Coats, K. (1995). Detection of
bovine immunodeficiency virus in peripheral blood and milk-de-
rived leukocytes by use of polymerase chain reaction. Am. J. Vet.
Res. 56, 445–449.
verbaugh, J., Jackson, S. M., Papenhausen, M. D., and Rudensey, L. M.
(1996). Lentiviral genomes with G-to-A hypermutation may result from
Taq polymerase errors during polymerase chain reaction. AIDS Res.
Hum. Retroviruses 12, 1605–1613.
ozas, J., and Rozas, R. (1996). DnaSp version 2.0: A novel software
package for extensive molecular population genetics analysis. Com-
put. Appl. Biosci. 11, 307–311.
aiki, R. K., Gelfand, D. H., Stoffel, S., Scharf, S. J., Higuchi, R., Horn,
G. T., Mullis, K. B., and Erlich, H. A. (1988). Primer-directed enzymatic
amplification of DNA with a thermostable DNA polymerase. Science
239, 487–491.
eibert, S. A., Howell, C. Y., Hughes, M. K., and Hughes, A. L. (1995).
Natural selection on the gag, pol, and env genes of human immu-
nodeficiency virus (HIV-1). Mol. Biol. Evol. 12, 803–813.
harp, M. P. (1997). In search of molecular darwinism. Nature 385,
111–112.
mith, D. B., McAllister, J., Casino, C., and Simmonds, P. (1997). Virus
‘quasispecies’: Making a mountain out of a molehill? J. Gen. Virol. 78,
1511–1519.
mith, R. A., Remington, K. M., Preston, B. D., Schinazi, R. F., and
North, T. W. (1998). A novel point mutation at position 156 of
reverse transcriptase from feline immunodeficiency virus confers
resistance to the combination of (2)-b-29 ,39-dideoxy-39-
thiacytidine and 39-azido-39-deoxythymidine. J. Virol. 72, 2335–
2340.
uarez, D. L., VanDerMaaten, M. J., and Whetstone, C. A. (1995). Im-
proved early and long-term detection of bovine lentivirus by a nested
ST
T
T
V
W
W
W
W
301Pol GENE OF BOVINE IMMUNODEFICIENCY VIRUSpolymerase chain reaction test in experimentally infected calves.
Am. J. Vet. Res. 56, 579–586.
uarez, D. L., and Whetstone, C. A. (1995). Identification of hypervari-
able and conserved regions in the surface envelope gene in the
bovine lentivirus. Virology 212, 728–733.
hompson, J. D., Higgins, D. G., and Gibson, T. J. (1994). Clustal W:
Improving the sensitivity of progressive multiple sequence alignment
through sequence weighing, position-specific gap penalties and
weight matrix choice. Nucleic Acids Res. 22, 4673–4680.
obin, G. J., Ennis, W. H., Clanton, D. J., and Gonda, M. A. (1996).
Inhibition of bovine immunodeficiency virus by anti-HIV-1 com-
pounds in a cell culture-based assay. Antiviral Res. 33, 21–31.
ruyen, U., Parrish, C. R., Harder, T. C., and Kaaden, O. (1995). There is
nothing permanent except change. The emergence of new virus
diseases. Vet. Microbiol. 43, 103–122.an Der Maaten, M. J., Boothe, A. D., and Seger, C. L. (1972). Isolationof a virus from cattle with persistent lymphocytosis. J. Natl. Cancer
Inst. 49, 1649–1657.
ayne, M. L., and Simonsen, K. L. (1998). Statistical tests of neutrality
in the age of weak selection. Trends Ecol. Evol. 13, 236–240.
hetstone, C. A., Suarez, D. L., Miller, J. M., Pesch, B. A., and Harp, J. A.
(1997). Bovine lentivirus induces early transient B-cell proliferation in
experimentally inoculated cattle and appears to be pantropic. J. Virol.
71, 640–644.
olfs, T. F., Zwarf, G., Bakker, M., Valk, M., Kuiken, C. L., and Goudsmit,
J. (1991). Naturally occurring mutation within HIV-1 V3 genomic RNA
leads to antigenic variation dependent on a single amino acid sub-
stitution. Virology 185, 195–205.
ong, J. K., Ignacio, C. C., Torriani, F., Havlir, D., Fitch, N. J. S., and
Richman, D. D. (1997). In vivo compartmentalization of human immu-
nodeficiency virus: Evidence from the examination of pol sequences
from autopsy tissues. J. Virol. 71, 2059–2071.
